Thus the boundary layer ordinate y is always greater than the corresponding ordinate y i of the incompressible flow and one would therefore expect increased boundary layer thickness throughout the whole layer.
grating was mounted in a vacuum spectrograph which has been described in some detail elsewhere, Chalklih, Watts & Hillson (1938) . The slit and photographic plate lay on the Rowland circle of the grating in the manner indicated in figure 1, where it is seen that the grazing angle of incidence, even when it is as large as 2° 53', leads to an arrangement very different from that of ordinary spectroscopy. For example, the radiation strikes the photographic plate at an angle of only about 7°. As will be seen later, this setting, peculiar to soft X-ray work, adds to the technical difficulties of intensity determinations. The special feature of the spectrograph is that all the adjustments may be made by optical or mechanical means. In this way one avoids tedious trial and error focusing, which would entail, for each test, an evacuation of the spectrograph and X-ray tube. The instrument is provided with a rail turned to the radius of curvature of the Rowland circle. This rail carries the grating carriage and the plate holder and is adjusted to pass vertically under the slit. By sliding the grating carriage along the rail the angle of incidence may be changed: by sliding the plate-holder various spectral regions may be examined; and in neither case is any re-focusing necessary.
R.S.
camera F igure 1. Arrangement of spectrograph in horizontal plane. Ratio slits at R.S.
The X-ray tube (described elsewhere, Chalklin et al. 1938) was of fused quartz with water cooled anti-cathode and cathode focusing system and with a helical tungsten filament. The electrodes were readily removable. The tube was sealed directly to the spectrograph. The filament current was supplied by accumulators, and the tube voltage was derived from a high tension generator giving 3600 to 5000 V. To avoid the deposition on the surface of the anti-cathode of carbon from gaseous hydrocarbons or of tungsten from the filament, it was essential to maintain an excellent vacuum in the X-ray tube. In the spectrograph itself the only require ment was that the pressure should be so low that absorption by the residual gases should be negligible. This was fortunate, since the photographic plate must certainly evolve gas, and since it was not possible to de-gas the metal work. Hence in this, as in other modern forms of vacuum spectrograph, the slit structure is built into the wall of the spectrograph, and only by way of the narrow slit can vapours enter the X-ray tube.
The evacuation of both tube and spectrograph was performed by a single Metropolitan-Vickers pump unit. This consisted of an 03 backed by an 02 oil diffusion pump, which was in turn backed by a small rotary pump. The pumping lines from the X-ray tube and the spectrograph met at the top of the 03 pump, and each line included a large metal stop-cock. At the end of an exposure these cocks could be closed and the photographic plate could be withdrawn from the spectro graph without letting air into the pumps. There was therefore no need to wait for the oil to get cold. Furthermore, the cocks ensured that, under all circumstances, the oil could be shut off from the atmosphere.
The X-ray tube and the spectrograph were connected by a tube containing a stop cock, which, when opened, equalized the pressure in the two chambers when air was being admitted to the spectrograph. A liquid air condensation trap was included in the pumping line immediately adjacent to the X -ray tube as a precaution against the entry of any vapours from the oil diffusion pumps or of any vapours that might emanate from the spectrograph, travel to the pump and then diffuse back along the X-ray tube pumping line. In experiments on the radiations of various forms of carbon, it would clearly have been unwise to risk the deposit of unwanted carbon. Apart from the discharge tube vacuum indicators which were a part of the pump unit, no vacuum gauges were included in the system. They proved quite unnecessary. To isolate the spectrograph from the vibrations of the pump unit, Tombac bellows were included in the pumping lines and proper pre cautions were taken to prevent the fracture of the quartz X-ray tube by the unbalanced atmospheric force of some 30 lb. wt. which was thereby introduced. Altogether, this vacuum system gave entire satisfaction.
The method of intensity measurement
The fundamental requirement of the method is the registration on one and the same plate of two exposures of the same spectrum, the times of these exposures being the same, but the intensity of the one being a known multiple of the intensity of the other. Once this is achieved, it is possible to obtain a characteristic blackening curve for the plate. With this purpose, the two-aperture arrangement of figure 3 was screwed to the end of the camera (plate-holder) shown in figure 1. To allow the passage of all the wave-lengths corresponding to the length of the photographic plate, it was necessary for the apertures to be in the form of horizontal slits. The widths of these were adjusted so that one was a convenient multiple of the other, and they were then clamped to prevent further movement.* When the X-ray tube was operated, two beams entered the camera, one through the upper slit, W, and one through the lower, N, and in this way two exposures of the same spectrum were obtained. A ray diagram in a vertical plane in figure 2 shows how the radiation passed from the anti-cathode, A (on the left), through the slit, S (rather more than 1 cm. long), of the spectrograph to the grating, G, and thence through the ratio apertures to the photographic plate. The separating screen ( ), which is seen in figure 2 and is also shown in figure 1, was a strip of brass, 0-4 cm. wide and with bevelled edges, the purpose of which was to prevent the over-lapping of the two beams. If we consider a point, Pv on the plate exposed to the one beam, and the corre sponding point, P[, at the same wave-length in the other beam, then the ratio of the areas of anti-cathode radiating to these two points is equal to the ratio of the two slit apertures. Thus, if all parts of the anti-cathode were radiating at the same rate, and if one aperture were twice the width of the other, then the intensity at a point on one trace would be twice the intensity at the corresponding point on the other.
Several details were of importance in the design of the slit apertures: (a) Distance apart. If the apertures were too far apart, the traces would run off the sides of the plate, and if they were too close together the traces would overlap dangerously. For high orders, the suitable arrangement of the separating screen would be of importance.^ wide beam Z. narrow beam (6) Width of apertures. Too narrow apertures would render the intensity of the traces too small, whilst for too wide apertures it would be impossible to justify the assumption even of approximate radiating uniformity of the surface of the anti-cathode to which any point on the plate was exposed.
Simple geometrical calculations showed that it was possible to obtain a satisfactory compromise solution of both sets of conflicting requirements. One difficulty did, however, remain in the problem of aperture width. In this question one was merely concerned with a suitable choice for the angle subtended by the apertures at the plate. However, for a given aperture width, this angle depends on the position of the point on the plate. The angle is large for short wave-lengths and small for the longer wave-lengths. Hence the chosen aperture could not be the most satisfactory for every region of the spectrum. In fact the weak higher spectral orders would be still further weakened. It is possible to compensate for this. Inspection of figure 1 shows that different portions of the spectrum must enter the camera at different positions of the point a. The greater the wave-length, the greater is the distance be and the greater the distance ba. Consequently, if the width of the slits was to be made variable along their length and such that their width at any point was proportional to ac, then all wave-lengths in the spectrum would be produced by the same length of anti-cathode surface. There is no point in having such exact compensation. On the other hand it is certainly desirable to prevent undue weakening of higher orders or of longer wave-lengths, and the wedge-shaped slits shown in figure 3 were therefore adopted.
In principle, the construction of the (jB -lo g /) blackening (density) curve for a plate was a simple matter. Only relative intensities were required. A point Pv of low blackening B x, was chosen on the ' narrow beam ' trace on the plate. An arbitrary intensity value, / 1}was ascribed to it, and it was plotted on the graph. The corre sponding 'wide beam ' point P,[, of blackening B'v cpuld then intensity was 2 Iv A 'narrow beam ' point P2 was then chosen, with blackeni between B x and B[, and its intensity / 2 determined from the graph by interpolation. The 'wide beam ' point P 2, with blackening B'% and intensity 2/ 2, could then be plotted. In this way the whole curve could be built up. Having obtained the form of the curve in this way, it was possible to improve the interpolations of the 'narrow beam ' points, and a second, improved, curve was therefore usually plotted. When this blackening curve had been completed, it was possible to convert the blackenings in the spectrum into intensities.
So far the whole surface of the anti-cathode has been considered to have the same radiating power. This is never so. In these experiments however, by suitable arrangement of the cathode system of the X-ray tube, a large focal spot in which the radiating power diminished fairly slowly on either side of the maximum was achieved. I was concerned only with the variation in a direction parallel to the slit of the spectrograph, and this variation could be measured. The blackening of the photographic plate was determined on the peak of an X-ray line in the 'narrow' beam at a succession of points along the line. The X-ray intensities corresponding to these blackenings were computed with the aid of the characteristic blackening curve, and a graph was then plotted of intensity against distance along the line. Such a graph (figure 4) was virtually a one-dimensional pin-hole picture of the focal spot, in which the narrow aperture served as the pin-hole. The actual photometer records for the spectra (from which were taken the points Px, P x, etc. mentioned above) were made along tracks corresponding to the maxima of these graphs and hence corresponding to the maximum of the focal spot. In this way the portion of the anti-cathode most uniform in its radiating power was employed. Nevertheless, it was necessary to allow for variation, for it affected the ratio of the intensities of the two beams. With appropriate changes of scales, the ' pinhole ' cur ves represented the radiating power of points along the length of the anti-cathode. Let the width of the narrow ratio slit be S ,let the distance from the ratio slit t plate be d and let the distance from the ratio-slit to the anti-cathode be D. represents this length for the value of 8 appropriate to the narrow ratio slit, and WW' represents the length for the wide slit, then the ratio of the mean intensity between B and B' to the mean intensity between A and A' gives the correction factor to apply to the geometrical slit ratio. Replacing the original measured slit ratio by this corrected intensity ratio, the characteristic blackening curve for the plate could be re-plotted. It may be mentioned that the largest correction in the present series of experiments amounted to 6-4 %, the usual figure being about 3 %.
N N1
distance (cm.) F igure 4. 'Pin-hole picture' of focal spot.
E xperim ental details
The photographic plates used in this work were of thin glass coated with Q2 emulsion by Messrs Ilford Ltd.* In this emulsion the usual absorption of soft radiations by the gelatin is reduced by having a very rich silver halide layer at the surface. It had already been found to be very sensitive to soft X-rays as well as being of good texture and surprisingly robust. The blackening produced by soft X-rays is, however, mainly a surface effect, and is usually small. Errors due to abrasions and to dust are therefore likely to be rather larger in the photographic photometry of the very soft X-ray region than in that of the visible spectrum. All plates were developed at approximately the same temperature, 17 to 18° C, plates L60 to L71 for 3 min. and L72 to L77 for 6 min. By using a developing dish muon larger than the plate, and moving the plate about at random in it, it was hoped to avoid any variation of development over the plate surface which might be produced by the standing waves caused by ordinary rocking of the dish.
The plates were photometered on a non-recording microphotometer of simple design incorporating a barrier type photoelectric cell. The photoelectric currents were measured with a Moll short period galvanometer. Taking the photometer curves as rapidly as possible, the effects of galvanometer zer j shift and change of intensity of the light beam were minimized. Correction for such small changes was made by linear interpolation. It was of great importance that the photoelectric current should be proportional to the intensity of the light falling on the cell. A number of inverse square law tests were made with various resistances in series with the cell, with various widths of the photometer slit and with two different slit-cell distances. When a light source is placed at various distances from the photometer slit, the inverse square law governs the amount of light entering the slit, but at the surface of the cell the variation is partly one of intensity and partly one of illuminated area. For this reason it would not have sufficed to make the tests with a single slit-width and slit-cell distance. Particular attention was paid to the testing of the linear relation between current and intensity because, in photometering the plates, it was found to be desirable to employ rather large resistances in series with the galvanometer and photo-cell. Such resistances were employed to prevent the over-damping of the galvanometer. They might con ceivably have affected the linear relation, but the tests provided ample evidence to the contrary.
The photographic plates were mounted so that the edge of the exposed portion was parallel to the direction of motion of the plate carrier of the photometer, and the photometer slit was then made parallel to the spectral line under examination. The latter process was rendered difficult by the diffuseness of the soft X-ray lines. The photometer screw was then turned and the galvanometer reading was obtained for the peak of the X-ray line. The plate was then moved in its own plane in a direction parallel to the X-ray line, the displacement being read on a scale on the plate-holder, and the galvanometer was again read for the peak of the line. This was done for a number of plate displacements. The results provided the information for the ' pinhole ' curves (figure 4) and permitted the final photpmeter records to be made at the position on the plate corresponding to the centre of the focal spot.
Since the length of the slit of the microphotometer was never greater than 7 mm. and since the magnification of the image of the X-ray line thrown upon it was 6, the effective width of plate responsible for any photometer reading was never appreciably greater than 1 mm. An increase of this length would have diminished any spurious effects due to grain size, abrasions or other imperfections on the surface of the plate, but it would have had serious disadvantages. First, it would have rendered more important the parallelism of X-ray line and slit. Secondly, since the X-ray lines were curved owing to the lateral bending of the plate in the camera of the spectrograph, an increase in the length of the slit would have diminished the ' resolution ' of the photometer. Thirdly, if the slit were too long it would alter the shape of the ' pinhole curve ' of figure 4, thus increasing the apparent size of the focal spot. In this way an error would be produced in the correction factor derived from the curve. The blurring of the focal spot would also be augmented by the size of the ' pinhole slit ' itself. However, employing the chosen dimensions of the apparatus, use was made of a graphical construction to test the magnitude of these two blurring effects, and their influence on the correction factor was found to be negligible.
A major source of error could have arisen through faulty identification of the pairs of points P'x and Px at the same wave-length on th respectively. They were taken from what appeared to be corresponding points on the photometer records of the carbon K band for the two traces, and the pairing was accomplished by matching the two curves as a whole. If this matching were at fault it would affect the derived blackening curve, and consequently would affect the form of the final intensity curves of the carbon bands. It was possible to check this matching, and to check the arithmetical treatment of the results, by verifying that the areas under the intensity curves of the 'wide' and 'narrow' Intensity measurements in the very soft X-ray region
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K bands were in the proper ratio and that the general forms of the two curves were similar.
In the actual experiments the distance from the anti-cathode to the spectrograph slit was about 5*3 cm., the distance from the slit to the grating 5 cm., from grating to ratio slits 6 cm., from ratio slits to the second order carbon bands 5 cm., and the distance from the ratio slits to the third order 7*4 cm. Only approximate values were needed for these distances. Precision was needed, however, in the determina tion of the widths of the ratio slits. They were measured with a travelling micro scope. For plates L61 to L69 the wide slit had a width of 0*1035 cm. at the narrow end and 0*192 cm. at the wide end, whilst the narrow slit was 0*052 cm. at the narrow and 0*095 cm. wide at the wide end. The slits were 1*4 cm. long, the third order passing through at a distance 0*45 cm. from the narrow ends (figures 1 and 3) and the second order at a distance 0*30 cm. For plates L 72 to L 76 the end widths of the wide slit were 0*099 cm. and 0*183 cm., and those of the narrow slit 0*0535 cm. and 0*0965 cm. From these figures a simple calculation shows that for the first series of plates the geometrical slit ratio was 2*00 for the third order and l*99s for the second order, and for the second series 1*87 for both second and third orders. It will be noticed that although the slits were wedged shaped and roughly twice as wide at one end as at the other, they yet subtended smaller angles at the third order band than at the second, the angles for the wide slit being 0*017 and 0*024 radians respectively. Since the measurements in the carbon bands extend over a range of about 2*5 A the long-wave ends of the intensity curves are weakened by about 4 % as compared with the short-wave ends. A glance at the form of the curves shows that the effect is not important. It seemed unwise to increase the wedge angle, and, remembering that there might be some small variation in the sensitiveness of the photographic plate and in the Teflecting power of the grating over the wave-length range, it appeared superfluous to apply a correction.
Before starting the actual experiments, a good deal of preliminary work was done in the attempt to obtain a long and reasonably even focal spot on the anti-cathode parallel to the slit of the spectrograph. Some of the testing was done by coating the anti-cathode with a thick layer of boron and observing the appearance of the incandescent patch on its surface when the X-ray tube was running, and some was done by preliminary exposures. In the final arrangement, the helical filament was suitably placed between, and connected to, two parallel plates. Slit, filament and focusing plates were all vertical. Figure 4 shows that at a distance of 1*3 x (16*3)/(7*4) = 2*9 mm. on either side of the maximum of the focal spot the radiating power has only dropped by 10 %.
Test plates. It was considered possible that there might be some systematic intrinsic ratio of intensity between the 'wide' and 'narrow' beams, quite apart from the effect of the size of the apertures. Test exposures were therefore made with apertures of equal size with the purpose of detecting any such effect and, if necessary, of allowing for it in the numerical value of the geometrical intensity ratio. The lack of equality could be computed with sufficient accuracy from the photometer records of the test exposures by employing the blackening curve of a plate in which the usual two to one slit ratio had been used. Plates L60, L71 and L77 were such test exposures. In L60 (order III) the intrinsic difference between 'narrow' and 'w ide' beams was 3 %. This was highly satisfactory, and was within the likely limit of photographic and photometric error. Evidently there was no serious intrinsic difference. In L 71 (order III) the difference was about 7%. (A second order test indicated a larger difference but was discarded as unreliable owing to a blemish on the plate.) It should be mentioned that the plates between L60 and L71 show no evidence of any systematic change. The mean difference as given by L60 and L71 was thus 5 %. This error was not large and could have been a random error of the photographic photometric processes. It was to be expected that with the small densities and small contrast factors such errors would be larger than those of the visible region of the spectrum. It seemed logical to apply a correction of 5 % for this error, despite the fact that it might, at least in part, be random. The main object of this was to discover how large a change it would produce in the shapes of the curves. The intensity curves of the bands without the correction have therefore been plotted, and also, for each substance, plotted as a dotted line, the curve with the 5 % correction. The effect of the correction was extremely small. It would only have been significant in a comparison of the peak intensity with that of the background radiation. The background in tensity was, however, uncertain in any case, for it must have been a mixture of orders of different wave-lengths with possibly different blackening characteristics.
The final test plate, L77, was very different. When interpreted by means of the blackening curve of L76, which was itself abnormal, it was found to show a very large difference between the beams. The difference was well outside the experi mental error and showed that a change had taken place in the apparatus. It was suspected that the trouble arose through a change in form of the focal spot due to the ageing of the filament, which had already survived for a longer time than usual. Inspection of the 'pinhole' curves confirmed this, and demonstrated that the change first made its appearance in L75. Actually only two of this second series of plates have been employed, L72 quantitatively and L74 qualitatively. These points have been mentioned in detail to illustrate the importance of test exposures in this method of photometry.
Wave-length scale. An undesirable and unnecessary complication would have been introduced had vacuum spark calibrating lines been thrown on to the spectra. Hence, to obtain the wave-length scale for any of the intensity curves, the positions of the peak of the carbon band in adjacent orders were measured with a short-focus cathetometer. Next, using the wave-length of the peak as given by Siegbahn & Magnusson, a quadratic dispersion equation was derived for each plate. With this equation wave-length differences within the emission band could be calculated to an accuracy of 1 %. This is quite adequate. The wave-length scale could then be fitted to an intensity curve by identifying some point on the curve with the corresponding Siegbahn & Magnusson wave-length. In some cases this was not easy, and the absolute wave-lengths on the curves may be in doubt to about 0*1 A. Such an error would, however, introduce an uncertainty of less than 0-5% in converting wave-length differences to differences of energy and is therefore of no significance to the form of the bands.
The anti-cathodes. It is not uncommon in soft X-ray tubes for an appreciable amount of carbon to be deposited on the anti-cathodes from vapours in the tube. This could not be tolerated in the present experiments on various forms of carbon. Hence, although it was known that the vacuum conditions were extremely good and that little deposition was occurring, an exposure (L62) was made with a copper anti-cathode to verify that no significant amount of unwanted carbon radiation was present.
Experiments were performed with carbon in the form of lampblack, 'Aquadag', Acheson graphite powder, diamond dust and carborundum powder. In every case the material was mixed with water and painted on to a thoroughly cleaned copper anti-cathode block. The coated anti-cathode was dried before being inserted into the X-ray tube. Although the surface of the anti-cathode was vertical, the materials adhered surprisingly well.
The lampblack was of commercial preparation and was stated to contain 99% of carbon. However, to reduce the possibility of any of the carbon being in hydrocarbon form, the lampblack was placed in a clean silica tube which was then evacuated and heated for 3 hr., the temperature being raised gradually to 700° C. No preliminary treatment was given to the Aquadag, the graphite powder or the carborundum powder, but the diamond dust was washed with chromic acid in case it had been handled in such a way as to leave grease on the surface of the granules.
After long preparatory pumping and running of the filament, the thermionic current in the X-ray tube was gradually raised to a normal value of rather more than 20 mA, the normal exposure amounting to about 900 mA-min. In the case of carborundum the current was kept rather lower, but, despite this, there were signs of incandescence on the anti-cathode surface. In a second experiment with carborundum (L 74) the exposure was doubled in order to obtain adequate blackening of the photographic plate in the third order. For diamond the current was only 12 mA, and the exposure 750 mA-min. Even so, there was some incandescence and some of the diamond powder was knocked from the anti-cathode, probably owing to electrostatic repulsion. Nevertheless, the appearance of the images, on the plate and of the 'pinhole curve' showed satisfactory smoothness.
R esults
The characteristic blackening curves of the photographic plates for soft X-rays of wave-length 43 to 46 A'were obtained as an intermediate step in deriving the intensity distribution in the carbon K bands. Since these blackening curves may be of some interest in themselves, two of them are shown in figures 5a and 56. The zero of the log10 ( intensity) scale is arbitrary, whilst the zero of the scale in figure 5a refers to an unexposed portion of the plate, and in figure 56 refers to the absence of the plate, the unexposed portion of the plate being in this figure represented by the dotted line. The curves are similar to those for visible radiations. Their slope, small for small blackening, increases and eventually becomes constant. The values for the slope of this straight line portion of the curve vary considerably from plate to plate. Such a variation justifies the choice of a method in which the blackening curve is obtained for the actual plate on which the spectrum is registered and in which the blackening curve is actually derived from the spectrum itself. On the other hand the variation might be taken to indicate an error in the photo metric technique. For this reason it is particularly gratifying that two separate plates for lampblack with different contrast factors (one having had double development) give intensity curves for the carbon band which agree well in general outline. Again, the curves for Aquadag and for Acheson graphite powder, which might be expected to agree, are seen in figure 6 to be in good general accord despite the fact that the contrast factors of the blackening curves on which they are based are respectively 0-31 and 0-25. The contrast factors are small, being usually of the order of It might be expected that extended development would enhance the contrast factor and, there is evidence that there is at least some increase. In the second series of plates the development time was increased from three to six minutes but unfortunately only two of these plates were deemed suitable for intensity calculations. Figure  5 b comes from one of appreciable chemical fog, and in any future work it would be desirable to increase the development still further and to experiment with developers in the hope of improving the contrast and increasing the accuracy of measurement.* It is to be pointed out that the blackening curves were obtained in rather abnormal circumstances, the radiation making an angle of only about 7° with the surface of the plate. Farineau (1938) has published a blackening curve for Gevaert X-ray film for normal incidence for the much shorter wave-length of 8* 3 A. Its derivation, like that of our own curves, makes no assumption of the reciprocity relation, but is not obtained from the actual spectrograms. The curve shows the same initial increase of slope, the same straight line portion, and it also shows the familiar 'saturation' effect at large blackenings. The contrast factor is 0-85.
Since every successful exposure yields a 'wide beam ' and a 'narrow beam ' spectrum, there are at least two intensity curves for each anti-cathode examined. To make the best use of all the experimental information, the procedure of plotting n ean curves has been adopted. It has the merit of diminishing errors due to dust, abrasions and grain size, which are always to be feared in photographic photometry. It has the disadvantage that it depends upon the accurate superposition of the original curves. If the superposition is inaccurate, then genuine local features of the curve may be obscured when the mean is taken. This disadvantage is perhaps superficial, for any effect lost in this way must at least have been an uncertain one. Actually the curves were superposed, not by matching any particular features on them, but by matching the effective centres of the bands. It is much the more reliable method.
Lampblack and graphite. The K emission band of lampblack is shown in figure 7 . It is the mean of four curves, a pair from each of two plates. A check of the accuracy of the method was provided by the good agreement of the shapes of the curves derived from these separate plates. In figure 6 are shown the bands for graphite in the form of Acheson graphite powder and of Acheson Aquadag. These curves * It is possible that it would be better to employ the slower but more contrasty Ilford emulsion.
would naturally be expected to be similar, and it is satisfactory to find them so. Only in minor local details do they differ, and these differences do not appear to be significant. The mean of the two bands has therefore been taken to represent graphite and has been plotted in figure 7. A half maximum intensity, it was found that the value for every one of the four lampblack curves was slightly in excess of the greatest value for the four curves of graphite. For the mean curves and with allowance for the background radiation the values for lampblack and graphite become 1-28 and 1*22 A respectively, corre sponding to 8-0 and 7-6 V. For the corrected curves the corresponding figures are 1*33 and 1-25 A, 8-3 and 7-8 V. The difference might just possibly be ascribed to error in the characteristic blackening curves. This, however, is unlikely, for the short-wave 'shoulder' of the band at about 44-1A is actually higher for graphite than for lampblack, and if this difference in height were due to a blackening curve error, it would need to be an error in the opposite direction. The difference in width therefore appears to be real. Both substances show a short-wave shoulder at about 44-1A : both show a steep rise from 44-22A: both show complexity between this point and the main, peak; and, beyond the peak, both fall away gradually and in similar manner. The com plexity near the main peak is not certain. The separation of the components is about the limit of resolution of the spectrograph. However, inspection of the individual curves embodied in the mean curve of figure 7 and of additional curves from other plates inclines one to believe that, for graphite, the complexity shown in figure 7 may be genuine. It will be noticed that the small peaks and dips shown by graph;te are repeated for lampblack. The dip at 44-14 for lampblack is not visible on the graphite curve, but a close inspection of the curves of figure 6 shows possible traces of the effect. The detailed shape is not quite the same, but, bearing in mind the inevitable random differences between individual photometer curves, it is not believed that this is significant. Indeed, the differences are no greater than those between the Aquadag and Acheson graphite curves. The intensity falls sharply beyond the main peak, and beyond about 45 A the form of the curve is found to be exponential. It may be represented by the equations I --i-73(a-45-78) for lampblack and I = e for graphite on the corrected curves. The figures 45-78 and 45-74 have no fundamental significance, for they are dependent on the arbitrarily chosen* scale of I. On the other hand their equality and the reasonable agreement of the factors 1-73 and 1-65 demonstrate the similarity of this portion of the lampblack and graphite curves. The exponential form is of some interest. I am not aware of any suggestion of this form in the modern electron theory of solids, and possibly other functions would fit the curve with sufficient accuracy, but it does suggest that the bands might extend for a considerable distance in the long-wave direction. In this connexion it may be recalled that L. P. Chalklin and the writer (1932, 1936) , when obtaining spectra of great intensity with an instrument of low dispersion, found distinct evidence of diffuse carbon radiation at 51A which was shown by a photometer record to be part of a ' tail ' of the K emission line. Less definite 'tails' were found for the La lines of Fe, Co, Ni and Cu. Skinner also has reported the existence of ' tails ' on the long-wave side of soft X-ray emission bands, and has discussed them, in a more recent paper ( The present curves differ from theirs in emphasizing to a greater degree the intensities of the peaks. Thus, in the case of graphite, whilst there is much similarity between the curves, the ratio of the intensity of the short-wave ' shoulder ' to that of the main peak is less in the present curve (0*67 for graphite and 0*60 for lampblack)* than in that of figure 13 of Skinner's paper.
Diamond. The results for diamond dust are shown in figures 8 and 10. Despite the difficulty of dealing with this anti-cathode material, two successful exposures were taken, one with a long time of development and one with an abnormally short time. Unfortunately the former (L75) had to be discarded for the reason given above. Consequently the intensity scale is perhaps not quite so reliable as usual. The intensity curve presents a striking contrast to those of graphite and lampblack, the conversion to intensity having given it a form very different from that of the photometer records, and very different from the record of Siegbahn & Magnusson. As in the case of graphite, it differs from Skinner's curve in giving more emphasis to the high intensities. It emerges in a form far simpler than that of graphite or lampblack. It has a rather definite starting point at 43-66A (figure 8) or 283*5 V. on the corrected Np(E) curve of figure 10 and its form is only slightly concave upwards before curving in to the main maximum at 44*37 A. The precise shape near the peak is doubtful and the apparent dip at 44*25A is without significance, but a maximum at 44* 60 A would, however, appear to be real.
From about 44*7 to 45A the curve is slightly convex upwards. Beyond this there is a very definite 'hump' in the curve at 45*74A and another, less pronounced at 45* 18 A. The slope of the short-wave side of the band is greater than that of the long-wave side. It is impossible to tell from internal evidence whether or not the humps at 45*IS and 45*74A are part of the band itself or whether they represent some form of satellite. In any case the exponential fall of graphite is missing in the present case, and any tail effect appears to be weak. If one were to assume that the two 'humps' were separate from the main band, and were to extrapolate the curve from 45 A, a result of about 45*25 A would be obtained for the end of the band. On the corrected N p{E) curve of figure 10, the corresponding point would be at 273*5 V. giving a total width of 10*0 eV. for the band. Carborundum. Of the two satisfactory plates obtained for the carbon-A radiation of carborundum, one (L67) was suitable for the photometry of the second order, and the second (L74) was given an abnormally long exposure in order that the third order might be examined. Records and calculations were made for this plate, but, as the intensity was small and as the third order was superposed on a first order silicon L n m band of comparable intensity, the results were not quantitatively useful and are not reproduced in this paper. The second order intensity curves of L67 were in excellent accord and their mean is shown in figure 9 . Once again it differs much from the photometer records from which it was derived, and once again it emerges in a more simple form. After a start less definite than that of diamond, it rises steeply and regularly till it approaches the well-defined peak at 44* 39 A. Re-inspection of the points on the blackening curve suggests that the peak might well be even sharper, and the curve on either side more nearly linear than Intensity measurements in the very soft X -ray region 59 When considering the shape of the curves it is necessary to separate the valence states of carbon into two groups-those corresponding to wave-functions which, near the nuclei, have the form of atomic s functions, and those corresponding to atomic p wave functions. Applying the usual selection rule, the expression for the intensity distribution in the K bands becomes: 1(E) oc where f(E )p^8 refers to the transitions to the K (Is) state from the p valence states and should in fact be constant. On this basis Np(E) is proportional to I(E)/y3 or to IJ v5. Actually the intensity curves would represent / A only if the dispersion were constant over the bands. It varies by merely 3 %, and its effect is in the opposite sense to the error due to variation of angular aperture. There is no point in allowing for it. Hence, in figure 10 , the values of Np(E) are obtained by dividing the observed intensities by v5 , and by multiplying by a convenie comparison may be made with the original curve of figure 8. The abscissae, are the energies in eV corresponding to the wave-lengths A. There is indeed some difference between figures 8 and 10, but it is not large. It has therefore been thought preferable to leave the curves for other anti-cathodes in their actual experimental form and to provide scales so that conversion can be made readily if desired.
Very recently the problem of the energy bands of the valence electrons of graphite has been attacked by Coulson (1947) , who has published a preliminary account of his findings. Graphite consists of planes of hexagonally arranged atoms whose separation is much smaller than the distance between the planes. A group of valence electrons is allotted to cr type bonds within the planes. One electron per atom is left over. This is a t te lectron similar to a 2 atomic orbital with z perpendicu the planes. Coulson finds that these tt electrons form a band which is symmetrical about, and drops to zero at, its mid-point. Since the band would accommodate two electrons per atom, it is half full, and is filled in fact to the zero mid-point. The semi-conductivity of graphite is explained by the escape, at increasing temperatures, of small but increasing numbers of electrons into the upper half of the band.
Coulson's preliminary curve gives no scale and it is therefore not yet possible to compare it with my experimental results for graphite. In any case it gives a qualitative explanation of the short-wave slope of my emission band and is roughly of the same form. Coulson's curve also shows the gradually decreasing slope on the long-wave side of the band. As it stands, however, there is no explanation of the main peak of the observed emission band with its apparently complex structure. This, however, is presumably to be ascribed to transitions of the cr electrons.
To test Coulscn's prediction of a half-filled symmetrical band, it will be imperative to supplement the present work by a photometric study of the carbon K absorption spectrum. The empty half of the n electronic band should obviously yield an absorption band similar to the emission band caused by the full portion. Such an absorption band was in fact found in an early soft X-ray study (Chalklin & Chalklin 1934 ), but, although its form certainly resembles that of the graphite emission band, we were not certain of the form of the carbon, and the width of the band, even allowing for the low resolution of the instrument employed, appears to be rather larger than that of the emission band of the present paper. It would also be interesting to seek for a weak fine caused by the electrons which have escaped into the bottom of the upper half of the band. The intensity of this line should, of course, increase with rising temperature.
The difference in width at half maximum intensity between lampblack and graphite merits some discussion. Differences of temperature should have little effect on this width either on the simple Sommerfeld theory or on the basis of a completed half-band. Since, in addition, neither lampblack nor graphite is believed to have been excessively heated during the experiments, the idea of temperature as the cause of the effect may be discarded. It must be admitted that the preliminary heat treatment that was adopted for the lampblack was insufficient to guarantee the complete absence of hydrogen from the specimen. On the other hand it is extremely improbable that hydrogen was present in quantity sufficient to affect the form of the carbon band. The conclusion is that the width difference is a real difference between lampblack and graphite.
Until lately, lampblack has been considered to consist of small particles of graphite with a slightly diminished spacing in the planes of hexagonally arranged atoms, and a slightly increased spacing between these planes, together with some 'amorphous' material to account for small angle X-ray scattering. More recent X-ray evidence (Biscoe & Warren 1942) shows that carbon blacks differ from graphite in that the parallel layers of hexagons are orientated at random about their common normal. It is natural in this case that the effective spacing between the parallel planes should be increased. In fact it is about 3-47 A, as compared with 3-35A for graphite. On the basis of this model the interatomic distance in the hexagons is found to be the same for carbon blacks as for graphite. The dimension of the parallel layer groups normal to the layers is usually less than 20 A, but both this and the dimensions of the planes themselves grow rapidly when the carbon black is heated above 1000° C.* An increase of interatomic distance, or a decrease of electronic density, should produce a contraction of the valence bands, and hence of the emission bands. The increased spacing of the lampblack layers can therefore scarcely be responsible directly for the observed broadening. The variability of the spacing is probably the cause of the effect. Interatomic distance controls the potential energy and hence the positions of the valence bands.f Thus, in lampblack, the position of the emission band should be variable over a small range, and the observed band, made up of slightly displaced components, would be expected to show a broadening. If this explanation is correct, then the lampblack curve represents a slightly blurred graphite band and the details of its structure should be less sharp than those of graphite. It is not possible to be certain on this point, but the curves of figure 7, and in particular the form of the main peak, seem to support it.
The spectroscopic work described in this paper was performed at University College, London, in the laboratory of Professor E. N. da C. Andrade, F.R.S. It is pleasant to have the opportunity of thanking him for his constant encouragement, of thanking Mrs L. P. Chalklin for her assistance in the photometric work, and of thanking the University of London, whose grant from the Dixon Fund made possible the construction of the vacuum spectrograph.
